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METALLURGICAL EFFECTS ON THE CONSTITUTIVE AND FRAGMENTATION BEHAVIOR OF OFHC COPPER RINGS

W. H. Gourdin

Lawrence Livermore National Laboratory, P.0. Box 808, Livermore, CA 94550

I report preliminary results of recent constitutive and fragmentation studies on electromagnet-
ically launched expanding ring specimens of fully annealed OFHC copper with grain sizes of 10,
30-50, 90-120, and 150-200 ym. Grain size correlations with material behavior are developed and
briefly discussed in reference to previous data, with particular attention to thermodynamic

models of fragmentation.

1. INTRODUCTION

Although the expanding ring has been applied
to the study of both the fragmc\_ntation]-3 and
the constitutivel“8 properties of metals at
tensiie strain rates of the order of 104 s
there has apparently been no systematic study
of the effects of initial metallurgical con-

1

dition on either of these phenomena using this
technigue. Here T will briefly describe some
preliminary results of studies of grain size
effects on the material behavior observed in ex-
panding ring specimens of OFHC copper (alloy
101) with grain sizes of 10, 30-50, 90-120 and
150-200 ym. 1 will first describe the specimen
characteristics and preparation, then outline
our experiments and diagnostics. A presentation
of preliminary results for a limited number of
experiments follows, together with comparisons
with previous data. I will conclude with a dis-
cussion of our data in the context of recent

models of ring fraqmentation.3

?. EXPERIMENTAL

2.1 Specimen preparation

The material used in this study was stock
OFHC copper obtained in the form of hot-rolled
plate, 5 cm thick. Cubes 5 cm on a side were
compressed 75% along each orthogonal axis in
increments of 25%, applied sequentially. This
treatment introduced a considerable amount of
work without the development of strong textures.

Various heat-treatment schedules (Table 1) were

then employed to achieve the final grain sizes.
Note that the 90-120 ym material required inter-
mediate working. The hardness shows the expected
decrease with increasing grain size, but other-
wise indicates that all the materials are in a
fully soft condition. Grain sizes were deter-
mined by comparison with ASTM standard plates
for twinned grains.

2.2 Experiments

The experimental apparatus is described in
detail in references 9 and 10. We use the elec-

9,10

tromagnetic launch method * '~ to avoid shock

wave effects,7’1] and material stresses are in-
ferred from the deceleration of the ring as
measured with a velocity interferometer (VISAR).
The fragmentation of the specimen is recorded
with a framing camera, and all fragments are
collected and examined. Specimen and solenoid
currents, measured with Roqowski probes, are
TABLE 1

Heat-treatment schedule and hardness of starting
materials worked 75% along each orthogonal axis.

Final Heat
grawn treatment Hardness
size .ym) schedule (kg/mm?)
10 10 min at 300°C, in flowing 60
argon sand bath
30-50 30 min at 500°C, in flowing 53
argon sand bath
90-120 30 min at 500°C, flowing argon  --
sand bath; 20% cold roll;
30 min at 800°C in vacuum
150-200 60 min at 800°C in vacuum 45




used to infer the average temperature rise from
Joule heating, about 150°¢. 10

3. RESULTS

3.1 Constitutive behavior

The stress-strain behavior for several speci-
mens of 10-um-grain-size material is shown in
Fig. 1.
filtering methods and Fourier analysis. A1l the
curves appear to approach the same ultimate
stress, about 380 MPa. The strain rate as a

These data were smoothed using digital

function of strain is shown in Fig. 2, from
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FIGURE 1

Oynamic stress-strain data for 10 ym material
(i.e., grain size is 10 um).
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FIGURE 2
Strain rate as a function of strain.

which it is apparent that, although the peak
strain rate is about 10° s'], much of the data
of Fig. 1 occurs at rates of 2-8 x 103 57,
Static data, obtained far rolled material of the
same grain size, is also shown in Fig. 1; it
falls 20-50 MPa below the dynamic data, in
reasonable accord with previous observa%;ons in
" The

stress-strain relationships obtained for 150-

the same strain and strain-rate ranges.

?00 um material (Fig. 3) show a spread similar
to that of tne 10 um material in Fig. 1, and all
of the curves rise to about 320 MPa at failure.
Representative data for 150-200 ym specimens
consistently fall 20-60 MPa below data for 10 um
specimens, in contrast to the crossover reported
13 Note that the
large grain size of the 150-200 um material

for static tests on copper.

relative to the specimen cross section (0.1 cm)
may affect these results.
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FIGURE 3

Dynamic stress-strain data for 150-200 ym
material.

3.2 Fragmentation

The fragmentation data for fixed expansion
conditions are summarized in Table 2, and the
number of fragments, N, normalized to the rela-
tive ring circumference at failure, r/ro, Versus
the strain rate at failure is shown in the In-1n
plot in Fig. 4. The failure strain and number of

fragments correlate with grain size, although



the number of fragments is virtually the same
for both of the larger grain sizes. Figure 4
shows that, for constant failure strain-rate,
increasing the grain size reduces the average
number of fragments. Considering the 20-fold
range of grain size, this effect is small. Be-
cause all of the specimens experience a similar
expansion-speed history, however, the decreasing
failure strain implies an increasing strain rate
at failure as the grain size increases. Hence
there is an implicit grain size effect through
the strain rate at failure. Apparently the
strain at which plastic instabilities occur
decreases as grain size increases. The number
TABLE 2

Summary of fragmentation data. Ranges are 95% confi-
dence intervals. All experiments done at 4 kV.

Grain size {(um)

10 30-50 90-120 150-200

Number of 6.5+2.6 7.5+43.0 9.1+3.0 9.2+2.4
fragments

Failure 0.49+0.04 0.47+0.04 0.44+0.09 0.40+0.06
strain

Instabil- 14.7+5.2 14.0+46.?2 15.7+5.8 16.4+4.8
ities

Number of 2? 2?2 20 20
experiments
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FIGURE 4
Plot (1n-1n) of the normalized number of frag-
ments versus the strain rate at failure. Lines
are least-squares fits to the data.
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of instabilities (fragments + arrested necks)
does not vary strongly with grain size, suggest-
ing that random physical imperfections common

to all specimens serve as nuclei for failure.

4. DISCUSSION

By ignoring ring curvature and equating the
kinetic energy relative to the center of mass of
a stretcnhing fragment with the energy required
for a fracture, y, an expression for the mean

fragment Tength,

1/3

oo () e, )

can be obtained,3 where p is the density and ¢
15 the strain rate. Noting that the relative

circumference at failure is

| = 2arg explef), (2)
where o is the initial mean radius of the speci-
men and £f is the strain at failure, then we

see tnat the number of fragments, N = L/d, can

be expressed as

1/3 .
nN) - ey = ln[?w‘o (?5,) ] +51n & (3)

The expression on the left is just the normal-
ized number of fragments, and we thus expect the
slope in Fig. 4 to be 2/3. A least-squares anal-
ysis gives somewhat larger slopes of 0.76-0.82.
Properly accounting for the ring curvature

(Eg. (1) is strictly valid only for d/r << 1)
and the presence of unbroken necks will reduce
the observed slopes. Note that in the context of
Eq. {1, the arain size dependence of the number
of fragments obtained at constant strain rate
may be attributed to changes in the fracture
energy. «~.

5. CONCLUSIONS

From the results presented here, [ draw the
following preliminary conclusions:

1. Constitutive data obtained from VISAR
measurements on electromagnetically launched

expanding rings are in qualitative accord with
data obtained using other methods.



2. The stresses and strains at failure de-
crease with increasing grain size, from 380 MPa
and 0.5 at a strain rate of about 2.5 x 103 57!
for 10 ym material to 320 MPa and 0.4 at a
strain rate of about 5 x 103 57 for 150-200 um

material.

3. The number of fragments varies with grain
size, an effect which can be ascribed both to
explicit changes in the fracture energy with
grain size and implicit changes in the strain
rate at failure through the grain size
dependence of the constitutive relationship.
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